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Abstract

Multiple representations (MRs) have attracted much attention in the field of science education. When effectively
integrated into teaching, they enable students to construct meaning from chemical phenomena and foster deeper
conceptual understanding. However, existing studies have highlighted the difficulties teachers face in selecting
and combining MRs to support students’ learning of chemical concepts. To address this issue, this study analyzes
38 high-quality chemistry concept teaching cases (HQTC) covering key concepts at both junior and senior levels.
Three mainstream frameworks of MRs in science education (Johnstone's, Gilbert’s, and Ainsworth's) were applied
to conduct multidimensional coding of MRs in these cases, which were then examined using descriptive statistics,
correlation analysis, and hierarchical cluster analysis. The findings indicate that HQTC exhibit the following features
in their use of MRs: (1) with respect to representational level, it shows an emphasis on the organic integration of
macroscopic, submicroscopic, and symbolic representations; (2) with respect to representational function, there

is a focus on representations with complement and construct functions; (3) with respect to representational

form, it shows a prevalence of static visual and chemical symbols, with representations overall characterized by
richness and diversity. Moreover, the use of MRs varied systematically across different teaching stages, aligning
with students’ cognitive needs as they progressed from preparation and initial construction to understanding,
consolidation, summarization, and application. Based on these results, the study proposes practical suggestions for
the design and application of MRs, with the aim of providing actionable guidance for concept teaching practices
and offering an analytical framework for evaluating chemistry teaching cases.

Keywords Multiple representations, Conceptual understanding, Secondary education, Concept teaching, Chemistry
education

*Correspondence:

Yanxia Jiang

34377682@q0.com

'College of Chemistry, Beijing Normal University, Beijing, China
“College of Chemistry, Engineering and Materials Science, Shandong
Normal University, Jinan, Shandong, China

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,

b sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and

@ SP rlnge r the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this
— article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included

in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s43031-025-00148-6
http://orcid.org/0000-0001-5216-2763
http://crossmark.crossref.org/dialog/?doi=10.1186/s43031-025-00148-6&domain=pdf&date_stamp=2025-11-26

Zhang and Jiang Disciplinary and Interdisciplinary Science Education Research

Introduction

Concept teaching has received considerable attention
in the field of chemistry education, and many research-
ers have examined how to effectively promote students’
understanding of chemical concepts (Sweeder et al.,
2019; Jegstad, 2024; Kiernan et al, 2024). Conceptual
understanding is achieved by noticing or discerning fea-
tures in representations and reasoning about them in
meaningful ways, which involves attending to, reflecting
on, and constructing connections (Eriksson et al., 2014;
Rau, 2016). Teachers need to provide representational
scaffolds to help learners acquire and deepen conceptual
knowledge (Airey & Linder, 2009; Ryan & Stieff, 2019).

“Representation” is a psychological term that reflects
and describes external artifacts that help individu-
als make sense of the world (Taber, 2013). In teaching,
external representations are artifacts placed in the public
domain by teachers to symbolize a concept or idea, with
the aim of enabling students to construct their own inter-
nal representations, or mental models (Gilbert, 2005;
Kim et al., 2019). While different external representations
may convey similar information, they support learning
in different ways and afford distinct advantages. As such,
how to effectively integrate multiple representations
(MRs) to support students’ conceptual understanding has
become a central theme in chemistry education research
(Madden et al., 2011; Sanchez, 2025).

This study aims to explore how MRs can be integrated
into secondary school chemistry concept teaching to
help teachers design MR-based instruction and enhance
students’ conceptual understanding. High-quality chem-
istry concept teaching cases (HQTC), which have been
reviewed by experts, were selected as the study object.
These cases represent a high level of MRs integration
in practice. By analyzing these cases, the study seeks to
extract effective teaching strategies, providing practical
guidance for the integration of MRs in secondary chem-
istry education.

Literature review

Previous research has demonstrated that MR-based
instruction provides significant benefits for students’
learning of chemistry. First, it helps students establish
more stable connections between concepts and reduce
misconceptions (Pierson et al., 2022; Lichtenberger et
al., 2024); second, it enables the visualization of submi-
cro processes and facilitates connections between mac-
roscopic and submicro levels (Derman & Ebenezer, 2018;
Kim & Paik, 2019); third, it stimulates students’ interest
in explaining and exploring scientific phenomena (Ye
et al., 2019; Chen et al., 2023). With the development of
information technology, the widespread availability of
multimedia and interactive tools in classrooms has fur-
ther expanded teachers’ opportunities to design MRs
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(Taber, 2018; Hammer & Avram, 2024). The selection
and combination of these MRs significantly impact stu-
dents’ conceptual learning outcomes (Hand & Choi,
2010; Taber, 2013; Permatasari et al., 2022). Appropri-
ately designed MRs with suitable forms and quantities
can effectively facilitate learning, whereas excessive, irrel-
evant, or redundant MRs may distract students, increase
extraneous cognitive load, trigger erroneous conceptual
mappings, or even induce acute stress responses, ulti-
mately undermining the effectiveness of concept teaching
(Minkley et al., 2018; Zuhri et al., 2023). The aforemen-
tioned research emphasizes both the benefits and chal-
lenges of using MRs in chemistry education. It aligns
with the aim of this study to explore how MRs are inte-
grated across different teaching stages, particularly in
secondary school chemistry teaching.

Dual coding theory, Mayer’s multimedia learning
hypotheses, and cognitive load theory provide a solid
foundation for explaining the role of MRs in chemis-
try learning (Wu & Puntambekar, 2012). Dual coding
theory posits that humans have two distinct but related
cognitive systems: one for processing verbal information
(the verbal response system) and another for process-
ing nonverbal information (the mental representation
system). Learning outcomes are significantly enhanced
when learners can engage both systems simultaneously
and integrate them (Paivio, 1990). Building on this the-
ory, Mayer (2002) elucidated the cognitive processes
involved in multimedia learning. His assumptions of dual
channels, limited working memory capacity, and active
processing further clarify how the combination and pre-
sentation of MRs influence cognitive processing (Robin-
son, 2004). This interpretation also aligns with cognitive
load theory, underscoring that MRs design must balance
the amount of information with students’ cognitive pro-
cessing capacity (Sweller, 1994). The aforementioned
research highlights the importance of understanding
cognitive mechanisms in MR-based instruction, which
is crucial for designing effective chemistry teaching
strategies.

Existing research has clearly articulated the benefits of
MRs in chemistry education and explored how they facil-
itate students’ conceptual learning. In concept teaching,
effectively integrating MRs is crucial for supporting stu-
dents’ comprehension of chemical concepts. Ferreira and
Lawrie (2019) integrated Johnstone, Gilbert, and Ain-
sworth’s frameworks to analyze the integration of MRs in
university chemistry courses using slide resources, pro-
posing an effective analytical framework. However, this
research primarily focused on the integration of MRs in
slide resources, overlooking other MRs in the classroom.
Additionally, due to differences in students’ cognitive lev-
els across educational stages, the conclusions drawn may
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be difficult to generalize to secondary school chemistry
education.

Existing research suggests that students’ informa-
tion processing goals and needs vary significantly across
different teaching stages, and teachers should provide
differentiated MRs based on students’ cognitive develop-
ment and task requirements (Chang, 2018; Hahn & Klein,
2022). This indicates that the design of MRs should be
adjusted according to the specific teaching stages. How-
ever, there is limited research exploring the integration
and application of MRs across different teaching stages.

In summary, existing research has paid limited atten-
tion to the integration of MRs in secondary school chem-
istry teaching. Furthermore, there is a lack of detailed
analysis on how MRs are integrated and applied across
different teaching stages. Therefore, this study aims to fill
this gap by systematically analyzing how MRs should be
integrated in secondary school chemistry education, par-
ticularly in different teaching stages.

Theoretical framework

Exploring how teachers select and combine MRs in con-
cept teaching requires a multidimensional perspective
(Ferreira & Lawrie, 2019). In the field of science educa-
tion, three mainstream frameworks of MRs are com-
monly used:

1. Alex Johnstone’s triplet representation framework:
Johnstone (1982) divided chemistry knowledge
into three domains—macroscopic, submicro, and
symbolic—and emphasized that understanding
chemical concepts requires establishing internal
connections among these three levels of
representation. This triplet framework is widely
regarded as a key manifestation of conceptual
understanding in chemistry (Yaman, 2020).

2. John Gilbert’s representation form framework:
Gilbert (2005) categorized external representations
into five types: concrete (or material), chemical
symbols, visual, gestural, and verbal. External
representations are an important support for
learning and understanding concepts. Researchers
have paid particular attention to the first four
categories for their role in concept teaching (Zhang
& Linn, 2011), and these categories have often been
extended into research on visualization in science
education. Verbal representations are usually used as
explanations of other visual representations and are
often analyzed separately (Adadan, 2013; Cabello et
al., 2019).

3. Shaaron Ainsworth’s representation function
framework: Ainsworth (1999) proposed that when
MRs are combined, they serve three main functions:
to complement, constrain, and construct. Analyzing
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the function of MRs in concept teaching is important
for us to explore how to organize representations to
support conceptual understanding (Goldman, 2003;
Baptista et al., 2019).

Together, these three frameworks approach MRs from
the perspectives of level, form, and function, respectively,
thereby revealing different mechanisms through which
MRs support students’ conceptual understanding. The
choice of level, form, and function as analytical dimen-
sions highlights their distinct roles in supporting concep-
tual learning: level addresses cognitive processes, form
examines presentation methods, and function examines
how representations complement, constrain, or construct
knowledge. Since the process of concept construction is
usually closely tied to specific teaching stages, this study
integrates all three frameworks to provide a more com-
prehensive analysis of how MRs are selected and com-
bined across different stages of concept teaching in order
to support students’ conceptual understanding (Lawrie,
2021a).

Research questions

This study analyzed the use of MRs in a set of HQTC to
identify the patterns and characteristics of how expert
teachers integrate MRs in concept teaching, providing
a valuable reference for both education researchers and
frontline teachers. Specifically, the study addressed the
following questions:

RQ1 What are the distributional characteristics of MRs
in terms of level, form, and function in HQTC?

RQ2 What kinds of associations exist among the levels,
forms, and functions of MRs used in HQTC?

RQ3 How do the integration patterns of MRs vary across
different teaching stages in HQTC?

The contributions of this study are threefold: (1) it inte-
grates Johnstone’s, Gilbert’s, and Ainsworth’s frameworks
to analyze HQTC, providing an analytical framework for
evaluating MR integration in secondary chemistry teach-
ing; (2) it explores the design features adopted by expert
teachers in chemistry concept instruction and uncovers
regularities in MR combinations across teaching stages;
and (3) it provides actionable insights for both chemistry
education researchers and practitioners, offering practi-
cal guidance for designing and organizing MRs in con-
cept teaching.

Methods

Three independent MR frameworks were applied to code
the HQTC and, in combination with concept teach-
ing stages, to analyze the use of MRs in HQTC from the
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three dimensions of representational level, form, and
function.

Data sources and sample selection

HQTC analyzed in this study were primarily drawn from
the National Educational Resources Public Service Plat-
form of the Ministry of Education of China. As these
resources are publicly available, the data collection pro-
cess was ethically compliant (Lawrie et al., 2021). These
cases have reached a wide audience: the database has
been accessed hundreds of thousands of times online and
has provided design references for tens of thousands of
secondary school chemistry teachers nationwide, thereby
impacting a wide range of students.

The platform contains over 350 chemistry teaching
cases. During the selection process, three criteria were
applied: (1) the cases explicitly aimed to support stu-
dents’ understanding of chemical concepts; (2) at least
three types of representation forms (excluding verbal
representations) appeared in the teaching; and (3) the
cases had won awards in national-level competitions.
These criteria ensured that: (i) the cases represented con-
cept teaching based on MRs, all vetted as high-quality
instruction through expert review; and (ii) the represen-
tations included were deliberately and carefully designed,
reflecting the collective expertise of chemistry teachers at
the school or regional level, and thus worthy of analysis
and documentation.

In the selection process, the first author initially
screened all cases on the platform according to the three
criteria, resulting in 84 candidate cases. The two authors
then thoroughly discussed the use of MRs and the effec-
tiveness of concept teaching in each case, ultimately
selecting 38 HQTC. It is important to note that these
cases underwent a rigorous review process and received
high recognition from experts for both teaching con-
tent and methods. Therefore, selecting these HQTC as
research objects ensures that the analyzed cases repre-
sent the best practices in current secondary school chem-
istry teaching, demonstrating how to effectively integrate
MRs in chemistry concept teaching.

The 38 HQTC covered 20 core concept teaching topics.
These core concepts are selected from the Next Genera-
tion Science Standards (NGSS) of the United States and
the Chemistry Curriculum Standards of China. Five of
the HQTC were selected from junior secondary chem-
istry cases, covering concepts such as “Chemical equa-
tions,” “Law of conservation of matter,; and “Energy’s
involvement in chemical changes” The remaining 33
HQTC were selected from senior secondary chemistry
and broadly encompassed core concepts such as “Ionic
bonding,” “Equilibrium,” “Atomic structure,” and “Kinet-
ics” Together, these cases covered the core concepts of
secondary school chemistry, thereby meeting the relevant

(2026) 8:2 Page 4 of 12

requirements of prior research (Lawrie, 2021b), and thus
the sample size of this study was deemed appropriate.
For each HQTC, the available materials included a
text version of the teaching design, a PowerPoint pre-
sentation (PPT), and a video recording of the classroom
implementation. The text version of the teaching design
provided detailed analysis of students’ prior knowledge,
while the video comprehensively documented teacher—
student interactions and the representations employed.
During the coding process, we cross-validated informa-
tion across all three files for each case to generate a com-
plete set of codes (see Appendix 1 for coding examples).
Because HQTC were carefully crafted and repeatedly
refined, no contradictions or inconsistencies were found
across the different files for the same case during coding.
Ethical approval was not required for this study, as
all teaching cases were publicly available through the
National Educational Resources Public Service Platform.

Coding process

The coding of the teaching cases in this study consisted
of two parts: coding of the teaching stages and coding of
the representations used within each stage (see Appen-
dix 1, Fig. S2 for the coding procedure; all coding was
conducted using NVivo 12). After the initial coding was
completed, two additional researchers were invited to
independently code 19 randomly selected cases (approxi-
mately 50% of the total) for both teaching stages and
representations, in order to establish inter-rater reli-
ability. Both researchers held master’s degrees in chemi-
cal education. Fleiss’s kappa, a robust reliability statistic
that accounts for chance agreement and allows for three
or more raters (Wieselmann et al., 2020), was calculated.
Agreement coefficients of 0.926 and 0.892 were obtained
for the two parts of the coding, indicating high levels of
reliability.

Teaching stages coding

Gagné (1968) argues that teaching consists of a set of
events external to the student that are designed to sup-
port the internal process of learning. The eight basic
events that must be completed in sequence in the learn-
ing process are attention, target anticipation, existing
knowledge extraction, selective perception, semantic
coding, response, feedback reinforcement, and extrac-
tion and application. Students need to process informa-
tion differently in each of these events. Chen et al. (2004)
divided the teaching events proposed by Gagné into
three progressive teaching stages: the first three events
are learning preparation, the next three are the comple-
tion of the learning tasks, and the last two are the transfer
and generalization stages. Following Chen et al. (2004)
classification of teaching stages and the basic process of
concept formation, the structure of concept teaching was
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initially divided into three stages: concept—preparation,
concept—formation, and concept—transfer. In the con-
cept—preparation stage, students engage in preparatory
activities, develop learning motivation, and set learning
goals, which form the foundation for conceptual learning.
The concept—formation stage focuses on the construction
of concepts and constitutes the core of concept teaching.
The concept—transfer stage involves summarization and
application of concepts at the end of instruction, which is
essential for deepening conceptual understanding.

After coding a small number of cases, we found that
the preliminary classification was too broad and did not
sufficiently capture the detailed processes through which
students construct conceptual understanding. There-
fore, the coding was refined based on specific learning
activities within each stage: the concept—formation stage
was subdivided into preliminary concept—construc-
tion, concept—understanding, and concept-solidifica-
tion; and the concept—transfer stage was subdivided into
concept—summarization and concept—application. The
final classification thus comprised six categories: con-
cept—preparation, preliminary concept—construction,
concept—understanding, concept—solidification, con-
cept—summarization, and concept—application. Details of
the coding scheme are shown in Table 1.

Representation coding

Representation coding included the level, form, and func-
tion. The initial coding originated from the theories of
Johnstone, Gilbert and Ainsworth. After coding a small
number of cases, the researchers had many discussions to
improve the coding method. The final coding and exam-
ples are presented (see Appendix 1, Tables S1 and S2).

(1) Representation level
The representation level included three categories: mac-
roscopic, submicro and symbolic. Each representation
was coded independently. If the same picture or PPT con-

tained elements from multiple levels, the representation

Table 1 Teaching stage coding
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was divided according to the levels, and each resulting
representation was coded and counted independently.
Coding examples involving multiple levels are shown in
Fig. S1 of Appendix 1.

(2) Representation form

Based on Gilbert’s classification of external representa-
tion forms, this part of the coding process was partially
adjusted.

First, because the verbal category is generally used as
explanations for other representation forms in concept
teaching (Adadan, 2013), and this form is usually dis-
cussed by researchers alone (Oliveira et al., 2015), the
verbal representations of teachers and students are not
discussed in this study. Second, to compare the differ-
ences between two visual representations, the visual
categories were subdivided into dynamic and static
visual forms. Finally, experiment is an important form
of gestural representation in chemistry classes, and it is
more important for the students to understand concepts
than gestures, so the gestural category was revised to
the experiment category. Therefore, the revised coding
included five categories—chemical symbol, static visual,
dynamic visual, experiment and concrete.

(3) Representation function

When coding the functions of representations, the
researchers referred to the instructional designer’s
intended purpose to determine the function of each rep-
resentation (Ainsworth, 1999). This approach ensured
that the coding was closely aligned with the original
instructional intent and facilitated subsequent statistical
and hierarchical clustering analysis. In the same teach-
ing cases, when information in one representation was
complementary to information in the second represen-
tation, both were coded as the complement function.
We defined the representations that appeared in earlier
teaching stages, as well as the representations reflecting

Teaching stage Teaching activities

Concept—preparation stage

Awaken existing knowledge and experience based on the situation, gain students’attention, define the learn-

ing tasks, and develop goal expectations.

Concept-for-

mation stage construction stage
Concept-under-
standing stage
Concept-solidifica-
tion stage

Concept- Concept-summari-

transfer stage zation stage
Concept-application
stage

understanding of the concept.

Preliminary concept- Obtain specific information or perceptual knowledge related to concepts from practical life, experiments and
other sources and form meaningful preliminary knowledge by linking existing knowledge and experience.
Relate newly obtained specific information or perceptual knowledge to in-depth analysis in order to under-
stand the underlying nature and principles of the phenomenon.

Combine perceptual knowledge and rational analysis to establish internal correlation and form an overall

Extract and summarize the essential characteristics and general rules of concepts, sort concepts closely related
to the learned concepts, form a stable conceptual network system, and expand the existing cognitive structure.

Extract concepts and apply them to new situations, solve practical problems, and understand concepts.
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students’ prior knowledge described in the teaching
design, as familiar representations; when such repre-
sentations were used to clarify a concept or to prevent
misconceptions, they were coded as the constrain func-
tion. When MRs created mental entities that supported
new processes at a higher level of organization, they were
coded as the construct—abstract function; When the stu-
dents use the knowledge to explain the unfamiliar repre-
sentation and the problem it involves, the representation
was coded as the construct—extension function. Con-
necting MRs to analyze the internal associations between
them was coded as the construct-relation function. The
revised coding included five categories: complement,
constrain, construct—abstract, construct-relation and
construct—extension.

Statistical analyses
Statistical analyses were conducted to examine the char-
acteristics of MRs used in HQTC and the possible rela-
tionships among them. First, descriptive statistics were
used to report the frequencies of representational levels,
forms, and functions. Next, Spearman’s correlation coef-
ficients were calculated to explore the strength of asso-
ciations among the 13 independent coding categories
of representations, with the aim of identifying potential
combinatorial patterns in the application of MRs from
different framework perspectives in concept teaching.
Finally, hierarchical cluster analysis (HCA) was employed
to investigate whether common features existed in the
levels, forms, and functions of MRs across six types of
teaching stages, in order to clarify how expert teachers
design MRs in different stages of instruction. All analyses
were conducted using SPSS 25.0.

HCA is a research method often used to explore the
relationship between variables in chemistry education
research (Linenberger & Holme, 2014; Lin et al., 2022).

Table 2 Actual code frequency in each category

Category Frequency
Representation level Macroscopic 439 (11.6)
Submicro 00 (2.63)
Symbolic 213 (5.61)
Representation form Chemical symbols 202 (5.47)
Static visual 388(10.21)
Dynamic visual 58(1.53)
Experiment 91(2.39)
Concrete 13(0.34)
Representation function Complement 337 (8.87)
Constrain 85 (2.24)
Construct 330 (8.68)
Construct function Abstract 42 (1.11)
Relation 170 (4.47)
Extension 118 (3.11)

(Numbers in brackets are per-example averages)
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In this study, multiple data matrices were constructed in
which each row represented a teaching stage of the same
type (as the cases for cluster analysis) and each column
represented the actual frequency of a coded representa-
tion (as the clustering variables). For the cluster analysis,
the actual frequencies were standardized by converting
them to Z scores (mean=0, standard deviation=1). In
the SPSS agglomerative procedure, each teaching stages
was initially treated as a separate cluster, which were then
successively merged to form a hierarchical structure of
nested groupings (Ye et al., 2015). The HCA results were
visualized in a dendrogram (tree diagram), which depicts
similarities or differences among groups in terms of inter-
cluster distances, where longer branches indicate lower
similarity and shorter branches indicate higher similar-
ity. The dendrogram was generated using squared Euclid-
ean distance and Ward’s linkage method (Ward, 1963),
which applies an agglomerative clustering criterion that
minimizes the squared Euclidean distance between each
teaching stages and its assigned cluster centroid (Rencher
& Christensen, 2012).

Results

A total of 209 teaching stages and 752 representations
were coded from the 38 HQTC, excluding the verbal or
gestural behaviors of teachers and students during class-
room interactions.

Descriptive statistical analysis

Descriptive statistics were used to present the overall
distribution of representations in HQTC (see Table 2).
Macroscopic representations were used most frequently
(439 times, with an average of 11.6 per case), followed by
symbolic representations (213 times, average 5.61), while
submicro representations were used least often (100
times, average 2.63).

In terms of representational forms, static visual repre-
sentations occurred most frequently (388 times, average
10.21), followed by chemical symbol forms (202 times,
average 5.47). By contrast, dynamic visuals (58 times,
average 1.53), experiments (91 times, average 2.39), and
concrete forms (13 times, average 0.34) were relatively
rare.

Regarding representational functions, complement
(337 times, average 8.87) and construct (330 times, aver-
age 8.68) were the most frequently used, while constrain
appeared less often (85 times, average 2.24). Within the
construct function, relation (170 times, average 4.47)
and extension (118 times, average 3.11) predominated,
whereas abstract was used less frequently (42 times, aver-
age 1.11).

The results of the single-sample Kolmogorov—Smirnov
test showed that, with the exception of the comple-
ment code, the distributions of all other codes were not
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Table 3 Main features of representations used across six teaching stages

Teaching stage Representation level

Representation form Representation function

Concept-preparation stage
Preliminary concept-construction stage

mMacroscopic
Macroscopic

Concept-understanding stage submicro
Concept-solidification stage

Concept-summarization stage

symbolic or macroscopic
macroscopic or symbolic

Concept-application stage macroscopic or symbolic

static visual complement
experiment or complement
static visual

static visual or dynamic visual constrain
chemical symbols or static visual relation
static visual or abstract
chemical symbols

static visual or extension

chemical symbols

normally distributed (p <0.05). Therefore, nonparametric
methods were used in the subsequent analyses (Gordon
et al,, 2007).

Correlation analysis

Spearman’s correlation analysis (n=752 coded repre-
sentations) was conducted to examine the relationships
among representational levels, forms, and functions. The
results indicated significant correlations across these
three dimensions (see Appendix 4, Table S3). For exam-
ple, the correlation coefficient between macroscopic rep-
resentations and static visual forms was 0.50 (p <0.0005),
while the correlation between submicro representations
and the constrain function reached 0.86 (p <0.0005).

Hierarchical cluster analysis

HCA was applied to explore the characteristics of MRs
use within the same type of teaching stage. The cluster-
ing results are presented in six dendrograms (Appendix
2, Fig. S3). In each dendrogram, the two largest clusters
are labeled as Group A (larger number of cases) and
Group B (smaller number of cases). In the following dis-
cussion section, analyses of the common features of MRs
use within each type of teaching stage are based on the
HCA results. Because Group B contained fewer than
15% of the cases in the concept—preparation, prelimi-
nary concept—construction, concept—understanding, and
concept—solidification stages, only Group A was used for
analysis in these categories to avoid bias (Chan & Bauer,
2014).

Mann—Whitney U tests were then conducted to deter-
mine whether significant differences existed between
Group A and Group B in the concept—summarization
and concept—application stages. Bonferroni corrections
were applied to control Type I error (Gordon et al., 2007),
and effect sizes were estimated using n* (small=0.01,
medium=0.06, large=0.14) (Richardson, 2011). The
results, shown in Appendix 5 (Table S4), indicated that in
the concept—summarization stage, Groups A and B dif-
fered significantly on several codes; likewise, in the con-
cept—application stage, significant differences were also
observed between Groups A and B across multiple codes.
These findings provide the basis for the joint analysis of

MRs use in the concept—summarization and concept—
application stages.

Appendix 3, Fig. S4 presents the data for Groups A and
B in bar chart form, while Table 3 summarizes the main
features of representational levels, forms, and functions
across the six types of teaching stages.

Discussion

The application of MRs in chemical concept teaching

The results from this study showed that each HQTC
incorporated representations at the macroscopic, sub-
micro, and symbolic levels, suggesting that the effective
integration of these different levels of representation is
essential for promoting conceptual understanding in
chemistry. This finding is consistent with prior research
(Johnstone, 1991; Talanquer, 2010), which also highlights
the importance of integrating these representational
levels for enhancing students’ comprehension of chemi-
cal concepts. Further analysis revealed that macroscopic
representations were used most frequently in HQTC—
more than twice as often as symbolic representations and
more than four times as often as submicro representa-
tions. This finding contrasts with the results of Ferreira
and Lawrie (2019), who reported that symbolic represen-
tations were most common and macroscopic representa-
tions least common in university chemistry classrooms.
Such differences suggest that the design and application
of representational levels vary across educational stages.
Since secondary school students’ abstract thinking
skills are not yet fully developed, they find it difficult to
directly comprehend submicro and symbolic represen-
tations. At this stage, macroscopic representations not
only serve as the prerequisite and foundation for under-
standing submicro representations (Berg et al., 2019)
but also act as important carriers for advancing concep-
tual understanding. It is essential for students to engage
with macroscopic representations in order to build per-
ceptual experiences that serve as the basis for deeper
cognitive processing. Therefore, in secondary school
chemistry concept teaching, particular emphasis should
be placed on the design and application of macroscopic
representations.
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With regard to representational forms, HQTC featured
a large number of representations (an average of 19.8
per case) and diverse forms (at least three forms in each
case). Among these, static visual and chemical symbols
forms were used most frequently. Given that chemical
symbols constitute the specialized language of chemistry
(Chi et al., 2018), it is not surprising that chemical sym-
bols representations were common in the cases. How-
ever, static visual representations were employed more
than six times as often as dynamic visual ones. Although
many studies have shown that, compared with static visu-
als, dynamic visuals can convey more information, better
visualize submicro processes, and enhance students’ cog-
nitive engagement (Barak & Hussein-Farraj, 2012; Keiner
& Graulich, 2020), they also carry a high information
load. In HQTC, where numerous representations were
already present, excessive use of dynamic visuals risked
overloading students’ cognition. These findings highlight
that the choice of representational forms should provide
students with the information necessary for concept con-
struction while avoiding undue increases in cognitive
load, which may otherwise lead to misconceptions (Min-
kley et al., 2018; Aminuddin et al., 2024).

The analysis of representational functions clarified
the extent to which representation design supports
conceptual understanding. Each HQTC included rep-
resentations serving the complement, constrain, and
construct functions, demonstrating that functionally
diverse designs can positively support conceptual learn-
ing. HQTC particularly emphasized the complement and
construct functions, reflecting the inherent roles of these
categories: complement representations provide the
foundation for students’ basic understanding of concepts,
while construct representations are essential for promot-
ing deep understanding. Although constrain representa-
tions were less frequently used, they played an important
role in helping students refine their comprehension of
information provided by complement representations,
thereby acting as an intermediate step that supports fur-
ther conceptual construction (Baptista et al., 2019).

Relationships among MRs

The results of Spearman’s correlation analysis indicated
certain associations between the levels and forms of rep-
resentations used in HQTC. For instance, the correlation
coefficient between macroscopic representations and
static visual forms was 0.50, while that between submi-
cro representations and dynamic visual forms was 0.52.
This suggests that when designing macroscopic repre-
sentations, teachers often chose static visual forms, likely
because static visuals provide sufficient information
without imposing excessive cognitive load. By contrast,
dynamic visual forms were frequently used to simu-
late submicro phenomena, offering students intuitive
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information that can facilitate their understanding of
abstract chemical concepts (Berg et al., 2019).

We also observed strong associations between rep-
resentational levels and functions in HQTC. For
example, the correlation coefficient between submicro
representations and the constrain function reached 0.86.
This finding suggests that different levels of representa-
tions exhibit functional tendencies. In practice, therefore,
representational level and function can be effectively
combined when selecting and organizing representa-
tions. For example, teachers may design constrain rep-
resentations to help students explain the microscopic
principles underlying chemical phenomena.

The application of MRs in different teaching stages and
their support for conceptual understanding

An important contribution of this study is its systematic
analysis of the design and application of MRs across dif-
ferent stages of concept teaching. Overall, as instruction
progresses, the levels, forms, and functions of represen-
tations exhibit distinct stage-specific characteristics (see
Table 3 in the Results section). These findings provide
practical reference points for chemistry teachers design-
ing HQTC.

In the concept—preparation stage, the most common
combination was macroscopic—static visual-comple-
ment. This combination effectively captures students’
attention and enriches their prior knowledge through
everyday contexts, thereby preparing them for subse-
quent concept construction (Taber, 2013).

In the preliminary concept—construction stage, the
dominant combination was macroscopic—experiment/
static visual-complement. Prior research has shown
that learning complex chemical concepts depends on a
rich base of perceptual knowledge (Derman & Ebenezer,
2018). Representations of this type help students acquire
sufficient experiential knowledge, laying the groundwork
for understanding submicro mechanisms.

In the concept—understanding stage, the most promi-
nent combination was submicro—static/dynamic visual—
constrain. Understanding the essential principles of
concepts at the submicro level is necessary, but after
building perceptual knowledge, students’ comprehension
often remains at a superficial level. Visualizing submicro
processes through diagrams or animations helps stu-
dents focus their thinking, construct deeper conceptual
understanding, and eliminate potential misconceptions
(Nakiboglu & Nakiboglu, 2019; Jere & Mpeta, 2024).

In the concept—solidification stage, both symbolic and
macroscopic representations were used, with symbolic
representations predominating; similarly, chemical sym-
bol and static visual forms co-occurred, but chemical
symbol forms were more frequent; the primary func-
tion was construct—relation. Symbolic representations,
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as highly abstract representations, act as intermediaries
between macroscopic phenomena and submicro prin-
ciples (Waight & Gillmeister, 2014). Thus, an important
stage in constructing conceptual understanding is stu-
dents’ ability to comprehend symbolic representations
and flexibly move between macroscopic and submicro
perspectives via symbols.

In the concept—summarization stage, macroscopic and
symbolic representations were used together, with mac-
roscopic forms dominating; static visuals and chemical
symbol forms coexisted, with static visuals more fre-
quent; the primary function was construct—abstract.
Since one of the goals of concept teaching is to help stu-
dents achieve higher-level understanding and develop
systematic knowledge structures (Venville & Dawson,
2010), teachers often used summarizing representations
such as concept maps or mind maps to help students
consolidate and generalize what they had learned.

In the concept—application stage, macroscopic and
symbolic representations remained dominant, typically
combining static visuals and chemical symbol forms; the
primary function was construct—extension. At this stage,
students were able to transfer and extend their concep-
tual knowledge to novel problem contexts, thereby deep-
ening their mastery (Broman et al., 2018).

Taken together, these findings suggest that teachers
should design and organize MRs with careful attention
to the characteristics of each teaching stage. By drawing
on the three MR frameworks, teachers can maximize the
advantages of MRs in promoting conceptual understand-
ing while avoiding inappropriate combinations or exces-
sive use that might increase cognitive load and negatively
affect learning outcomes (Nyachwaya & Gillaspie, 2016;
Enero Upahi & Ramnarain, 2019).

At the practical level, different strategies can be applied
in different stages. In the concept—preparation stage,
teachers can build on students’ prior knowledge by pre-
senting pictures of familiar everyday contexts and posing
the key question to be studied (Corradi et al., 2012).

In the preliminary concept—construction stage, teach-
ers may use macroscopic experiments or relevant
images to provide rich perceptual information, thereby
supporting subsequent understanding of submicro
principles (Treagust et al., 2003). In the concept—under-
standing stage, animations simulating submicro pro-
cesses or models of particle structures can be used, with
students guided to interpret and analyze the information
in depth so as to construct accurate explanations (Won
et al, 2014). In the concept-solidification stage, sym-
bolic representations can help students connect macro-
scopic phenomena, submicro mechanisms, and symbolic
expressions. For example, in the teaching segment on
electrolytes (Appendix 6, Case 1), students linked dis-
solution phenomena, particle motion, and symbolic

(2026) 8:2 Page 9 of 12

expressions while writing the ionization equation of
sodium chloride. In the concept—summarization stage,
teachers can guide students to use concept maps or mind
maps to extract common attributes or rules from differ-
ent phenomena, thus consolidating their understanding.
For example, in the redox reactions segment (Appen-
dix 6, Case 2), students constructed a concept map that
captured the general features of the reaction type. In the
concept—application stage, teachers can use pictures or
symbolic representations of real-life contexts or prob-
lems, requiring students to engage in deeper cognitive
processing and flexibly shift between representational
levels. For instance, in the precipitation—dissolution
equilibrium case (Appendix 6, Case 3), students applied
their knowledge to propose practical solutions to a medi-
cal problem, demonstrating more advanced conceptual
understanding.

Conclusions and limitations

This study demonstrates that the effectiveness of chemis-
try conceptual learning largely depends on how teachers
select and combine external representations (Ryan & Sti-
eff, 2019; Stieff, 2019). External representations provide
the essential foundation for students to construct men-
tal models. In well-designed concept teaching, teachers
draw on the disciplinary characteristics of chemistry to
select diverse forms of representation, which can stimu-
late students’ interest and ensure the effective extraction
of representational information (Davenport et al., 2018;
Adadan, 2019). In this study, three multiple representa-
tion frameworks were applied to analyze 38 HQTC, with
further analyses conducted across different teaching
stages. The results showed that HQTC generally inte-
grated macroscopic, submicro, and symbolic representa-
tions, but macroscopic representations predominated at
the secondary level, reflecting students’ developmental
stage of cognition. In terms of form and function, teach-
ers tended to use static visual and chemical symbol rep-
resentations, with particular emphasis on complement
and construct functions, thereby supporting students
in developing deeper conceptual understanding. More-
over, the combinations of representations across different
teaching stages exhibited stage-specific characteristics
that aligned with students’ cognitive needs as they pro-
gressed from preparation and construction to under-
standing, summarization, and application.

The contributions of this study are threefold. The theo-
retical contribution lies in combining Johnstone’s, Gil-
bert’s, and Ainsworth’s frameworks to systematically
reveal the relationships among representational levels,
forms, and functions, providing an integrated perspective
for understanding how MRs support conceptual learn-
ing. The methodological contribution lies in presenting a
replicable research pathway that combines multi-source
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data, coding analysis, descriptive statistics, correlation
analysis, and cluster analysis. The practical contribution
lies in summarizing the patterns of representational com-
binations across teaching stages, thereby offering action-
able guidance for teachers in designing representations
for concept teaching.

Admittedly, this study has certain limitations. First, all
selected cases were award-winning public cases, which
precluded in-depth interviews with students to explore
their processes of extracting and processing represen-
tational information, and did not allow for quantitative
measures of students’ conceptual understanding after
instruction. Second, the data were limited to Chinese
secondary school classrooms, leaving the cross-cultural
applicability of the findings to be further examined.
Third, while this study analyzed the application of rep-
resentations in concept teaching from multiple perspec-
tives, it did not involve the design and implementation of
teaching interventions explicitly based on MRs.

Future research could proceed in several directions:
(i) incorporating classroom observations, interviews, or
other approaches to examine how students process and
apply MRs in chemistry teaching; (ii) conducting experi-
mental or quantitative studies to test the impact of dif-
ferent combinations of MRs on students’ conceptual
understanding of specific chemistry topics; (iii) under-
taking cross-cultural comparisons to examine differences
and commonalities in representational design across
educational systems; (iv) leveraging emerging educa-
tional technologies to design and implement MR-based
chemistry teaching, thereby extending the possibilities
of representation design and testing the effectiveness of
the instructional suggestions proposed in this study; and
(v) investigating the professional development needs
of chemistry teachers regarding MRs, with the aim of
enhancing their understanding and application of MRs in
the classroom.
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